Chloro(phytochlorinato methyl ester)iron(III), Chlorophyll Derivatives, Crystal Structure
Introduction
The investigation of tetrapyrroles is a long established field in structural chemistry [2] . How ever, while a recent survey of the Cambridge Crystallographic data base [3] listed over 700 structures of porphyrins, structural data on reduced porphy rin systems and especially chlorophylls (Chi), e. g. 1, are much more limited. A fter the initial studies on the gross chemical and absolute structures [4] [5] [6] [7] [8] [9] and the aggregation of chlorophyll deriva tives [1 0 ] recently interest in the structural chemis try of reduced systems has been renewed with re gard to studies on the conformational flexibility of the tetrapyrrole macrocycle [1 1 ] and related to studies on e. g., the green hemes and other related hydroporphyrins [1 2 ].
The few structurally characterized metallohydroporphyrins include mainly methyl (2 ) and ethyl esters of Mg(II) complexes which are related to the natural Chls [6 -8 ] . Much attention has been given to Ni(II) complexes of synthetic m odel com pounds, which were used to elucidate the basic structural chemistry of chlorins [13, 14] , bacteriochlorins [15] , isobacteriochlorins [16] , and hexahydroporphyrins [15, 17] , In addition, a small num ber of other synthetic hydroporphyrins with Cu(II) [18] , Fe(II) [19] , Fe(III) [12, 20] , and Z n(II) [21] as central metal have been charac terized by X-ray crystallography. With the excep tion of the Mg(II) structures [6 -8 ] the tetrapyrrole ligands used for these studies all are related to 5,10,15,20-tetraphenylporphyrin (TPP) or 2,3,7,8,12,13,17,18-octaethylporphyrin (O EP) [2] . While these compounds served very well to estab lish the basic characteristics of reduced porphyrins [2 ] , they are only to a limited extent suitable as model compounds for the analysis of the m acro cycle conformation found in Chi with its fused isocyclic pentanone ring V. Thus, effects of the metal coordination on the conform ation in metallo Chi derivatives need to be studied in phytochlorin de rivatives.
Recently we reported the structure of (methyl 132-dem ethoxycarbonylpheophorbidato a)nickel-(II), 3, a Chi a derivative with a four-coordinate metal center [22] . Due to the small nickel(II) ion this structure showed a highly nonplanar macro-0932-0776/95/0100-0139 $06.00 © 1995 Verlag der Zeitschrift für Naturforschung. All rights reserved. cycle conform ation and dem onstrated that nickel-(Il)chlorins are only of limited use as model com pounds of Chi in spectroscopic studies. These re sults were in agreem ent with a comparative spec troscopic investigation of nickel(II) and iron(III) Chi derivatives by Anderson et al. [23] , who pointed out that iron(III) derivatives with their five coordinated metal centers are much more suitable model compounds than the nickel(II) de rivatives of Chi a. In order to obtain more infor m ation on the conform ation and coordination geometry in five-co-ordinated metallo Chi deriva tives we present here the crystal structure determ i nation of chloro(methyl phytochlorinato)iron(III) [formerly: chloro(methyl m eso-pyropheophorbidato a)iron(III) or Fe(III)Cl methyl mesopyropheophorbide a] and com pare the structural results ob tained with those of closely related species.
Results and Discussion
The m olecular structure of Fe(III)Cl methyl phytochlorin, 4 and the numbering scheme are given in Fig. 2 . Atomic coordinates are listed in Table I, while selected bond lengths and bond  angles of the macrocycle atoms are compiled in  Table II [24] . The compound crystallises in the noncentrosymmetric space group P2!. This assign ment was confirmed by successful refinement, the (4) 6143 (8) 9869 (7) -641(4) 35(4) C (5) 5731 (8) 10455 (8) -138(4) 32(4) C (6) 6237 (7) 10545 (8) 584 (4) 36(4) C (7) 5836 (8) 11195 (7) 1095 (4) 29(3) C (7 A) 4783 (9) 11784 (9) 991 (7) 38(4) C (8) 6604 (7) 11132 (7) 1700 (4) 24(3) C (8 A) 6557 (8) 11718 (9) 2395 (7) 34(4) C(8B)
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inability of coordinate transfer to the centrosymmetric space group and by the different confor mations observed for the side chains and ring V. The chlorin crystallized with two crystallograph ically independent, but chemically equivalent, molecules in the asymmetric unit. The refinement was impeded by poor crystal quality resulting in a weak intensity data set and a high num ber of unobserved reflections and relatively high R -\ alues. The structure suffers from disorder in the pro pionic acid ester sider chain of molecule 1. All at tempts to model the disorder by the utilization of split positions failed, the side chain was refined with only one position for each atom. This resulted however in large therm al param eters for C(17B), C(17C), and 0 (3 ), showing the strong libration vibration (see Fig. 1 ). Besides differences in the conformation, which will be discussed below, the main structural difference between both molecules is the orientation of the F e -C l vector which is oriented below the chlorin plane in the macrocycle with F e(l), and can thus be regarded as the achloro form; above and below the molecular plane 
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1.400 (14) 1.386(13) C (ll)-C (1 2 ) 1.436 (13) 1 9 ) 126.0(6) 120.9(7) C (l)-N (2 1 )-C (4 ) 106.7(7) 103.6(7) C (6 )-N (2 2 )-C (9 ) 106.3 (8) 105.7(7) 1 9 ) 127.4(10) 123.1 (9) refer to drawing the molecule in the conventional scheme shown in formula 4. Formula 4 shows the /3-chloro form with displacement of the F e -C l unit above the molecular form, which is found in the crystal structure for the macrocycle containing Fe (2) . Differences in the conform ation of the pro pionic methyl ester at C(17) are also observed. The core of the macrocycle is characterized by the five-coordinated iron(III) center which is lig ated by the four pyrrole nitrogens and a chloride atom in axial position. The axial F e -C l bond Fig. 1 . Com puter generated plot and numbering scheme of the two independent molecules of 4. Ellipsoids are drawn for 40% occupancy. Both molecules have been adjusted arbitrarily with respect to each other. lengths are 2.230(4) and 2.226(4) A in the two in dependent molecules, respectively. These lengths agree well with data found in a related iron(III)-bacteriochlorin and are slightly longer than those found in porphyrins [2, 3] . The F e -C l vector is not orthogonal to the molecular plane, the C l- [Fe(III)TPC]20 [20] . The averaged bond lengths for the F e -N pyrrole bonds are 2.045(8) A in mol ecule 1 and 2.026(8) A in molecule 2, respectively. In comparison, the F e -N bonds to the reduced pyrrole ring are considerably longer with 2.157(8) A in molecule 1 and 2.135(9) A in mol ecule 2. A similar situation is observed for the C t-N distances. The overall bond lengths are con sistent with data obtained for other iron por phyrins (average F e -N bond lengths of 2.065 A for 5-co-ordinated high-spin iron) [2] , the differ ence between the F e-N (pyrrole) and F e -^p y r rolidine) bonds is a well docum ented fact in struc tural porphyrin/chlorin chemistry [2] . The iron(III) is displaced towards the axial chloride from the m ean plane of the macrocycle by 0.48 A. These displacements support values described for the related Fe(III)octaethylisobacteriochlorin(Cl) [11] and the //-oxo-dimer [Fe(III)tetraphenylchlorin]20 [19] . These displacements are in the range ob served for high-spin, five-coordinated iron(III) porphyrins [2] . In general, the core geometry of the present iron(III) chlorin is similar to those found in other iron(III) hydroporphyrins and to those of other high-spin iron(III) porphyrins.
Besides being characterized by the inequiva lency of the F e -N bond lengths the chlorin (hydroporphyrin) character of the macrocycle is clearly evidenced by the elongated C (17)-C (18) bond lengths; which are 1.528(15) A for molecule 1 and 1.546(15) A for molecule 2, respectively. The meso character of the compound, i. e. the presence of an ethyl instead of a vinyl group at C(3), is evi denced by the elongated bond lengths of 1.48(2) and 1.50(2) Ä for the C(3 A )-C (3 B ) bond in the two molecules. These data agree well with struc tural reports of the corresponding free base methyl phytochlorin [25] and other related hydro porphyrins. Fig. 3 A and B show views of the conform ation of the two molecules in 4. Both macrocycles show significant deviations from planarity (Fig. 2) . The average deviation from the least-squares plane of the 24 core atoms is 0.13 A for molecule 1 and 0.16 A for molecule 2, respectively. The largest in dividual deviations are observed for the /3-pyrrole atoms and for the outer atoms of the isocyclic ring. Overall the conformation in both macrocycles is rather similar with respect to the FeCl vector, the only major difference being that the zig-zag con formation of the pyrrolidine ring in inverted with regard to the C (17)-C (18) axis. Generally, the conformations might be described as saddle type (as defined by Scheidt and Lee [2] ), indicated by the alternating displacement of individual pyrrole rings above and below the mean plane. The angles formed between individual pyrroles and the 4N-plane are, in the order of ring I, II, III, and IV: 5.8, 5.7, 5.2, 11.6° in molecule 1, and 4.4, 3.2, 8 .8 , 10.7° in molecule 2. Nevertheless, significant devi ations are also observed for the meso-carbons and thus the conformation contains a significant de gree of ruffling. In molecule 1 they are displaced on average by 0.07 A from their least-squares plane, while molecule 2 diviations of 0.104 A are observed. While these deviations from planarity are about twice as large as those observed in re lated Mg(II) chlorophyll derivatives (see Fig. 3D they are only half as large as those observed in the related Ni(II) derivative 3. Additionally, the degree of out-of-plane rotation observed for the pyrrole rings is much less in the Fe(III)Cl structure 4 than observed in 3. Besides having a more nonplanar macrocycle conformation, a second distinc tion of the Fe(III)Cl structure 4 with regard to the related M g(II) structure lies in the relative orien tation of rings I and II. In the related free base (Fig. 3C ) and the corresponding chlorophyllide (Fig. 3D ) rings I and II are slightly displaced towards one side of the macrocycle plane. In the present Fe(III)Cl derivative they show alternating displacement above and below the macrocycle plane. For com parison, the conform ation of [Fe(III)TPC)20 was described as a mixture of doming and S4-ruffling [20] , while in the related Fe(III)octaethylisobacteriochlorin(Cl) structure a domed conform ation with most atoms being dis placed below the macrocycle plane was observed [12] . Therefore, the conform ation in the present Fe(III)chlorin is considerably different from that of the isobacteriochlorin and resembles more the situation found in the ^-oxo-dimer. However, the presence of the fused isocyclic pentanone ring makes a direct com parison difficult. Fig. 4 shows the m olecular packing in the unit cell. The molecules pack by formation of parallel running layers. Neighboring molecules in a given layer are characterized by the orientation of the F e -C l vector in opposite directions. The mol ecules in neighboring layers are almost orthogonal to each other. The 4N-planes of the two F e(l) con taining molecules are tilted by 93.3° against each other while those containing Fe(2) form an angle of 84.5°. The only short interm olecular non-bond- The results of the conformational analysis show clearly the differences between the Ni(II) (3), Mg(II) (2), and Fe(III)Cl (4) complexes. The prob lems associated with using S4-ruffled Ni(II) com plexes as models for spectroscopic studies in chlorophylls has been pointed out by us earlier [22] . U nder the assumption, that no major differ ences occur between the solid state and solution structure, the better correlation between spectro scopic data of the Mg(II) and Fe(III)C l derivatives in such studies becomes clear. While the present iron chlorin still shows a higher degree of con formational distortion than the related Mg(II) chlorins, the type of conform ation in the Fe(III) and Mg(II) molecules is similar. However, the higher degree of conformational distortion in 4 and differences in the conform ation of ring I and II indicate that direct correlations of spectroscopic studies on iron(III) chlorins with those of Mg(II) chlorophylls should be interpreted with some caution.
Recently, an interesting specific biological rec ognition of the co-ordination num ber in metallo chlorins was found. Chlorophyll synthetase, the enzyme catalyzing the esterification of chlorophyllide a was found to accept only metallopheophorbides having a coordination num ber of 5 (Zn, Mg, Cd). Those with a square-planar metal coordi nation (Cu, Ni) were not accepted as substrates in the reaction [26] . It might be interesting to specu late if this distinction involves only the recognition of a five-co-ordinated m etal center of if general differences in the macrocycle conform ation of five-and four-co-ordinated metallochlorins occur which are recognized by the enzyme.
Experim ental
Compound 4 was prepared as described in Ref. [23] . Crystals were immersed in light hydrocarbon oil and inspected under a microscope. Several crystal batches were prepared with different sol vent combinations. The crystals were all found to be twinned and/or of poor quality but a suitable fragment could be cut from a large crystal, grown by slow diffusion of a concentrated solution of the chlorin in methylene chloride into /7-hexane. The crystal was m ounted on a glass fiber, and placed in the low-temperature nitrogen stream of a Siemens R 3m /V diffractometer [27] .
Compound 4 [C34H 33C\FeN40 3; M = 636.9] crystallized in the monoclinic space group P 2 ] with unit cell parameters: a = 12.035 (7) Intensity data were collected at 130 K using a Siemens R 3m /V diffractom eter (graphite m onochromated M o -K a radiation) in the to mode with a a> scan width of 2 .0° and a scan speed of 8.08 °/min_1. 7275 independent reflections were collected; index range: 0° < 20/55.0°, 0 ^ h < 15, 0 < k < 17, -2 4 < / < 24; 3974 reflections were considered observed with I > 3.0a(I). 2 Check re flections were measured every 198 reflections and showed only small variations (< 1.5%) which were corrected during processing. A Lorentz and polar ization correction was applied. An absorption cor rection was carried out using the program XABS [28] , extinction effects were disregarded. The structure was solved via a Patterson synthesis fol lowed by subsequent structure expansion. Struc ture solution and refinem ent were carried out using the SHELXTL PLUS program system; scat tering factors were used as supplied with SHELXTL PLUS [29] . The refinem ent was car ried out by full-matrix least-squares on I FI using the same program system. The function minimized was Iw (F 0 -F c)2. All non-hydrogen atoms were refined with anisotropic therm al parameters. Hydrogen atoms were included at calculated posi tions using a riding model ( C -H distance 0.96 A; Uiso(H) = 0.04 A 3). Calculations were perform ed on a Vaxstation 3200. The data-to-param eter ratio was 5.1:1. The weighting scheme used was w -1 = ct2(F) + 0.0133 F2. The final difference Fourier syn thesis gave largest and mean A /o of 0.098, 0.006; the largest difference peak was 1 . 2 1 e A -3, located in a disordered propionic acid ester region (see remarks in result section). The final cycle of re finement on I FI included 780 variable param eters and converged with R = 0.075, wR = 0.099, S -0.82.
